ABSTRACT
INTRODUCTION
Phage display, which is the expression of foreign peptides or proteins in fusion to one of the coat proteins of filamentous bacteriophages, such as M13 or fd, has been used in a wide range of applications since its introduction in 1985 by Smith (31) . The phage display technique has been used in the construction of so-called epitope libraries, in which millions of different short peptides are fused to protein III by inserting degenerate oligonucleotides into gene III (10, 11, 16, 29) . This type of library has been used to identify the amino acids involved in different protein-protein interactions, such as the RGD motif recognized by integrins (22) and epitopes involved in antibodyantigen interactions (7, 10, 29, 33) .
The introduction in 1990 of phagemid vectors in combination with wild-type helper phage made it possible to construct hybrid phage, i.e., phage with both wild-type and fusion protein III on the surface (3). This system has been widely used in the construction of libraries consisting of phage expressing single-chain antibodies (ScFv) (6, 24) or combinatorial antibody fragments (Fab) (2, 17) , as well as peptide libraries (16) . In addition, a modified phage display system, based on the interaction between the leucine zippers Fos and Jun, has been used to display polypeptides expressed from a fungal cDNA library (8, 9) .
Both epitope (13) and combinatorial antibody libraries (21) have also been constructed in phagemid vectors, giving rise to polypeptides fused to the major coat protein (protein VIII). Protein VIII is present in approximately 2700 copies per phage, compared to 3-5 for protein III, which thus enables expression of a higher number of fusion proteins on the phage surface. However, examination of phages expressing large structures such as Fab fragments showed the presence of just 1-24 antigen-binding sites per phage particle (21) , while, on the other hand, a dodecapeptide was estimated to be expressed as a fusion in one-third of the pVIII molecules (12) .
We have recently shown that gene III-based phage display can be used for cloning parts of genes encoding ligandbinding domains of prokaryotic receptors. However, after two rounds of panning, at best 40% of ligand-binding phages were obtained, and additional panning did not seem to increase this frequency (18 and unpublished observation [K.J. and L.F.]). In this paper, we present a cloning system utilizing fusions to gene VIII instead of gene III. With this phagemid vector system, the selection during affinity panning is so efficient that the fraction of ligandbinding clones approaches 100% after just two rounds of affinity selection.
MATERIALS AND METHODS

Bacterial Strains and Helper Phage
E. colistrain TG1 (F + and amber suppressing) was used for construction of the library and production of the phage stocks. Phage R408 (Promega, Madison, WI, USA) was used as a helper phage. performed using standard methods (28), except for ligations for which Ready-To-Go T4 DNA Ligase (Pharmacia Biotech, Stockholm, Sweden) was used, according to the manufacturer's instructions. Modification and restriction enzymes were from Amersham International (Little Chalfont, Bucks, England, UK) or Boehringer Mannheim (Mannheim, Germany). The oligonucleotides were synthesized by Scandinavian Gene Synthesis AB (Falkenberg, Sweden).
The vector was constructed in two steps by modification of the pHEN1 phagemid (17) . First, a tail encoding 6 histidine residues was introduced to enable purification of the polypeptides. The oligonucleotides 5-′ GCA CCA CCA CCA CCA CCA CCC CGG CTG CA-3 ′ and 5 ′ -CCC GGG GTG GTG GTG GTG GTG GTG CTG CA-3 ′ , encoding the histidine tail and a Sma I site, were inserted into the Pst I restriction site in the pHEN1 vector. In addition, this linker introduced a frameshift in order to decrease the expression of gene III. This modified pHEN1 vector was called pG3H6. Secondly, gene III was exchanged for gene VIII to form pG8H6. Gene VIII was obtained from phage R408 by polymerase chain reaction (PCR) amplification using the primers 5 ′ -GGC AAT AAG CTTGAG GGT GAC GAT CCC GCA AAA-3 ′ and 5 ′ -TTT CCC GAA TTCATC GGT TTA TCA GCT TGC TTT CG-3 ′ . The fragment was purified by preparative gel electrophoresis and digested with Eco RI and Hin dIII. Similarly, a fragment of pG3H6 containing the polylinker, the histidine tail and the cmyc tag was amplified using the primers 5 ′ -TTT CCC AAG CTTCTA TGC GGC CCC ATT CAG ATC-3 ′ and 5 ′ -TTG CCT ACG GCA GCC GCT GAA-3 ′ and subsequently gel-purified and digested with Nco I and Hin dIII. The two fragments were ligated into the pG3H6 vector, which had been digested with Eco RI and Nco I and dephosphorylated with calf intestine alkaline phosphatase. After transformation into E. coliMC1061, plasmid DNA was prepared and the sequence was confirmed by restriction analysis, as well as by DNA sequencing through both inserts using the pUC/M13 forward and reverse primers (Promega).
Construction of the Library
The library was constructed essentially as described (18) . In short, chromosomal DNA from Staphylococcus aureusstrain 8325-4 was randomly fragmented by sonication, and fragments, approximately 300-800 bp in size, were isolated by preparative gel electrophoresis. The fragments were made blunt-ended with T4 DNA polymerase and ligated into the pG8H6 vector, previously digested with Sma I and dephosphorylated with calf intestine alkaline phosphatase. The ligation was made with the Ready-To-Go ligation kit with 5 µ g of vector and 5 µ g of fragments divided in 5 tubes. The ligated material was phenol-and chloroformextracted, EtOH-precipitated twice and dissolved in 10 µ L of H 2 O. Ten electrotransformations into E. coli TG1 (1 µ L in each) gave 1 ×10 7 ampicillin-resistant transformants. After growth overnight at 37°C, an aliquot of the transformants (2 mL) was infected with helper phage R408 at a multiplicity of infection (MOI) of 50 and incubated for 15 min at 37°C. Thereafter the infected cells were mixed with 100 mL 0.5% soft agar and poured on 20 LA plates (LB medium with 1.5% agar) with ampicillin (50 µ g/mL). After incubation overnight, the phage particles were eluted by vigorous shaking of the soft agar in 100 mL LB for 3 h. The suspension was centrifuged at 40 000 × gfor 10 min; then the supernatant was sterile-filtered and the library was frozen in aliquots, which were used for panning. After centrifugation and sterile-filtration, the titer of the library was determined by infection of E. coli TG1 cells, followed by plating on LA plates with ampicillin.
Panning Procedure
The primary panning was carried out as described previously (18) . MicroWell ® plates (MaxiSorp ™; Nunc, Copenhagen, Denmark) were coated with either human IgG (100 µ g/mL) (Kabivitrum, Stockholm, Sweden), human serum albumin (100 µ g/mL) (Sigma Chemical, St. Louis, MO, USA), fibronectin (100 µ g/mL) (Sigma Chemical or Bional, Tartu, Estonia) or fibrinogen (100 µ g/mL) (Sigma Chemical) and blocked with 1%
Research Repo r ts bovine serum albumin (BSA) and 0.05% Tween ® 20 in phosphatebuffered saline (PBS). Two hundred microliters of the library were added to each of three wells and incubated for 4 h at room temperature (RT). Thereafter the wells were washed extensively with PBS containing 0.05% Tween and twice with 50 mM Na-citrate/140 mM NaCl, pH 5.5. Finally, the bound phage were eluted stepwise in the same buffer with decreasing pH (3.7 and 2.1). The eluates from the three wells were pooled and neutralized with 2 M TrisHCl, pH 8.7. Aliquots of the eluates were used to infect E. coli TG1 cells, which then were grown overnight on LA plates supplied with 2% glucose and 50 µ g/mL ampicillin.
The colonies, obtained after infection of TG1 cells with the phage and eluated at pH 3.7 and 2.1 in the primary panning, were collected by resuspension in LB-medium and infected with helper phage R408 (10 10 plaque-forming units [pfu]) for production of enriched phage stocks. Thereafter, the infected bacteria were mixed with 5 mL 0.5% soft agar and poured on one LA plate with ampicillin. The phages were then collected as described above. This procedure routinely gave a phagemid titer of 10 9 to 10 10 cfu per mL, with a helper-phage titer of 10 10 to 10 12 pfu per mL.
Nucleotide Sequencing of the Displayed Inserts
Plasmid DNA was prepared using Wizard ™Minipreps (Promega) according to the manufacturer's instructions, and the sequence of the inserts was determined as described previously (18) . The PC-gene program (IntelliGenetics, Mountain View, CA, USA) was used for handling of the sequences obtained.
Identification of IgG Binding Clones
Colonies from E. coli TG1 cells infected with phagemid particles, obtained by panning against IgG, were transferred to nitrocellulose filters, which were placed on LA plates containing ampicillin (50 µ g/mL) for 4 h. Thereafter the colonies were lysed and the filters treated as described earlier (18) . After saturation, the filters were incubated 1 h at 37°C in PBS-Tween containing horseradish peroxidase (HRP)-labeled IgG at a concentration of 5 µ g/mL. The bound IgG was detected, after thorough washing, by the addition of the (HRP) substrate 4-chloro-1-naphthol in PBS.
RESULTS AND DISCUSSION
Construction of the Gene VIII Vector and the Phage Library
Earlier we showed that it is possible to use shot-gun cloning of fragmented bacterial chromosomal DNA, coupled with affinity selection of the phage display library against different ligands, to identify the binding domains of bacterial receptor proteins (18) . However, in the reported experiments using fusions to gene III, the frequency of binding clones did not exceed 40%, even though the receptors studied are known to bind their ligands with rather high affinities (5, 19) . To increase the frequency of binding clones, we modified the cloning technique by making fusions to gene VIII, encoding the major coat protein, in order to obtain a higher number of fusion proteins on the surface of the phage.
The constructed vector pG8H6, based on the pHEN1 phagemid (17), contained gene VIII from the M13 phage R408 instead of gene III (Figure Research Repo r ts 1) . In addition, an oligonucleotide encoding six histidine residues, followed by a Sma I site, was inserted into the Pst I site in pHEN1. Placing the nucleotide sequence encoding the His tag in front of the insert was based on our experience using the gene III-based phagemid vector for cloning purposes, where clones with the "wrong" reading frame were obtained almost exclusively (18) . Since these data indicated that a ribosomal slippage is required to obtain expression of functional pIII-fusion peptides, the His tag was positioned in front of the expected fusion peptide as a safety measure to guarantee the production of fusion peptides containing the His tag.
A library was constructed in the pG8H6 vector using chromosomal DNA from S. aureus 8325-4 with fragments ranging in size from approximately 300 to 800 bp. The resulting library consisted of 10 7 clones and had, after infection with helper phage, a titer of 2 × 10 10 cfu.
Panning of the Library Against Different Ligands
Six-hundred-microliter aliquots of the library were used for the primary panning against human IgG, bovine fibronectin and bovine fibrinogen, respectively. The genes in S. aureus , encoding these receptors, are all wellcharacterized (4, 20, 23, 25, 27, 30, 34) and thus constitute a good model system for the development of a gene VIIIbased cloning system. Human serum albumin was included as a negative control because S. aureus does not bind this protein. Panning was repeated several times, and the results from a typical experiment are shown in Table 1 . Fractions of the phage that had eluted at pH 2.1 and 3.7, corresponding to 100-1000 cfu, were used for production of secondary phage stocks in E. coli TG1 cells. The phage stocks, specific for a certain ligand, were used in the repannings. To confirm that any enrichment in the repanning was due to affinity-selection for the ligand and not the result of a nonspecific interaction, each stock was repanned against the specific ligand and against two independent ligands. The results presented in Table 1 show that there is tremendous enrichment when the repanning is made against the same ligand as in the primary panning. After a second panning against the ligands IgG or fibrinogen, a 10 4 -fold to 10 5 -fold increase in the number of eluted phagemid particles was obtained. This increase is specific since the same phage stock panned against an unrelated ligand gave less than 0.1% of this number of bound phagemid particles. However, the different pannings and subsequent repannings against fibronectin never produced a great increase in the number of bound phagemid particles. After a repanning against fibronectin, only a small increase, about fivefold, in the number of bound phagemid particles was obtained. Nevertheless, the same phage stock panned against an unrelated ligand gave a significantly lower number of bound phagemid particles, suggesting that the binding was specific. After the primary panning against human serum albumin (HSA), only a few phagemid particles were eluted and repanning did not significantly increase the number, which suggests that no enrichment occurred when the panning was made against ligands for which the bacteria do not encode a specific receptor.
After the primary and secondary panning against IgG, the ampicillinresistant bacterial colonies, obtained by infection with the eluted phages, were screened for binding of peroxidase-labeled IgG. The result was difficult to interpret, but was clearly different from similar screening of IgG-binding colonies obtained with the earlier reported gene III-based cloning system (18) . Only a few of the colonies obtained after the primary panning gave a clear and strong signal when assayed for binding of labeled IgG. However, several colonies showed a weak binding capacity, not easily distinguishable from the background. In screenings of colonies obtained after the secondary panning, almost 100% of the clones gave a very weak IgG binding signal (data not shown), contrary to the results obtained in screenings of IgG binding clones with the gene III-based cloning system, which gave clear signals easily distinguishable from the background.
Nucleotide Sequence Analysis of Affinity-Selected Clones
To confirm that the gene VIII-based system indeed selected true IgG-binding clones, 16 colonies were picked at random after the secondary panning, and the nucleotide sequences of the inserts were determined. As shown in Table 1 , 100% of clones tested after repanning against IgG contained an insert derived from spa , the gene encoding protein A, a well-known IgG-binding protein in S. aureus (23, 34) . Regarding fibrinogen, 13 out of 16 clones picked randomly contained inserts known to encode fibrinogen-binding proteins (4, 27) , while the number of correct clones after the second panning against fibronectin was 12 out of 16 clones (20, 30) .
All clones were sequenced from both the 3 ′ and the 5 ′ ends and, as seen in Figure 2 , several of the clones have identical inserts, while other sequences are represented by single clones. However, for the later discussion concerning the clones and genes that were found after the different pannings, we will, for simplicity, discuss one clone out of 16 if the insert was found once, and three out of 16 if the insert was found in three clones.
S. aureus strain 8325-4 has receptors for several different eukaryotic proteins. The ones studied here, IgG-, fibrinogen-and fibronectin-binding proteins, have been well-characterized. For a long time, only one IgG-binding receptor, protein A (14, 23, 34) , was known in S. aureus , but recently a second IgG-binding protein was found by using a gene III phage display cloning system (18) . All of the 16 IgGbinding clones analyzed here originate from the protein A gene ( spa ) ( Figure  2A ).
It is not clear how many different fibrinogen receptors exist in S. aureus . However, from strain 8325-4, one receptor gene, coa , has been cloned (27) ; and from strain Newman, two genes, fiband clfA , encoding fibrinogen-binding activity, have been cloned and sequenced (4, 25) . Twelve of the fibrinogen-binding clones originate from the coagene ( Figure 2C ) and one from the fibgene (data not shown). However, the nucleotide sequence of the isolated clones containing the fourth repeat of the coagene (FgB3 and FgB5) differs from the reported sequence (27) in positions 1739 and 1741. At position 1739, these clones have a cytosine instead of an adenine, and at position 1741 there is an adenine instead of a guanine, resulting in amino acid changes from Gln (aa 554) to Pro, and Ala (aa 555) to Thr, respectively. Since the same mutations were found in different clones, they are likely to reflect an accumulation of mutations in the 8325-4 strain grown in different laboratories, rather than cloning artifacts.
There are two highly homologous receptors for fibronectin, FnBPA and FnBPB (20, 30) . Of the 12 correct clones ( Figure 2B) found, 11 represent the fnbAgene and one only the fnbB gene. The sequence of the latter is identical to the fnbBgene in the 3 ′ end (data not shown), but in the 5 ′ end it does not show any homology to the fnbBgene or to any known sequence (EMBL database). This clone is likely to represent a fusion of two unrelated DNA fragments in the ligation reaction; still a fusion protein with the peptide encoded by the fnbBinsert and pVIII must be created in order to be displayed on the phage surface.
In total, 48 clones were picked randomly, 41 of which had correct inserts (Table 1) . Interestingly, only one clone exhibited a shift in reading frame between the insert and the vector, which was dependent on the number of nucleotides at the 3 ′ end of the insert as described earlier (18) . When similar libraries were made in the gene III-based phagemid vector, only 3 out of the more than 50 clones had a correct reading frame of the insert in conjunction with the vector; all the other clones had a +1 or -1 shift in reading frame at the junction between the insert and the vector (data not shown). This indicated a strong selection against phage with the insert in the correct reading frame with gene III, and a requirement of ribosomal slippage in the c-myctag in order for expression of a fusion protein with pIII to occur.
In the system described here, after repanning, all clones except for one have the correct reading frame in the junction between the insert and the cmyc tag. However, the reading frame in the junction between the PelB leader and the insert is out of frame, shifted to either +1 or -1 in all these cases. This result was not expected, and again we suggest that there is a strong selection against clones with the correct reading frame of the insert in conjunction with the vector sequences. Since there is very strong selection during panning for clones expressing polypeptides with binding affinity for the different ligands, the insert must be expressed in fusion with the major coat protein and thereby located at the phage surface. Ribosomal slippage is probably the explanation for this phenomenon. It is known, from several different viral systems, that ribosomal slippage is a common phenomenon that keeps the expression of some genes at a low level (26) . Ribosomal slippage is reported to occur at so-called "slippery" sequences, a stretch of four or more single nucleotides (1) , and at tandem codons recognized by minor tRNAs (26, 32) . Although CAC is not recognized by a minor tRNA, the His tag contains six identical codons in tandem, which may have a similar effect.
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In addition, a stretch of four cytosines in a row was created in the Sma I site. However, earlier we used a phagemid vector with the His tag (pG3H6), identical to the one used here, except for the exchange of gene III for gene VIII. The clones found, after affinity selection with the gene III vector, had the correct reading frame entering the insert, but the wrong one leaving the insert and entering the c-myc tag (data not shown). This is similar to our results reported earlier when pHEN1 was used for shot-gun cloning (18) . It seems clear that both the gene III-and gene VIII-based phagemid systems select for clones with inserts in the "wrong" reading frame in conjunction with the vector sequence. We cannot explain why an exchange of gene III for gene VIII results in selection for clones with the wrong reading frame going into the insert instead of going out of the insert. Nevertheless, this result agrees well with our observation that, after the first panning against IgG, clones expressing either strong or weak binding activity were found; but after the second panning, clones with only weak binding activity were observed almost exclusively. This weak binding capacity was not due to the production of polypeptides with low affinity, since they all contained several IgG-binding repeats of protein A, but rather to a low expression level, since ribosomal slippage is a requirement for expression of the polypeptide encoded by the insert. In addition, we have sequenced five clones ( Figure 2 , clones IgGB3-5) which, after the first panning, gave a strong signal for binding of HRP-labeled IgG. In those cases, the inserts either had the correct reading frame in conjunction with the PelB leader or had their own endogenous promotor from which expression was controlled.
CONCLUSIONS
The gene VIII-based phage display cloning system presented here is extremely efficient for selection of phages displaying ligand-binding domains from prokaryotic receptors. The proportion of phage displaying ligandbinding polypeptides approached 100% after the second panning. The enrichment was so efficient that there was no need for any kind of probe for detection of positive clones. Repanning against IgG and fibrinogen gave 1000-fold more phage than panning against an unrelated ligand. Repanning against fibronectin gave only a slight increase in the number of phagemid particles released at the elution; however, panning the phage stock against an unrelated ligand gave only 10% of this number of phagemid particles. The panning against fibronectin was repeated several times and with two different batches of fibronectin (Bional and Sigma Chemical) with similar results. We also made phage stocks after the second panning for a third panning against fibronectin, but the number of released phagemid particles did not increase significantly (data not shown). We cannot explain why repanning against some ligands resulted in very efficient enrichment of binding phage, while repanning against fibronectin gave only a small increase. The quality of the ligand might be one explanation, but the system might also function with varying efficiency because of different receptor-ligand interactions, although the reported K d value for fibronectin binding is similar to that for fibrinogen binding (15, 19) . Also surprising is the bias in the occurrence of clones with inserts derived from the fnb A and fnb B genes, both of which encode fibronectin-binding proteins with highly homologous binding domains (19) . Still, regardless of whether the gene III-or gene VIII-based cloning system was used, inserts almost exclusively derived from the fnbAgene were found. In all, 20 fibronectin-binding clones (12 unique clones) have been analyzed, including the gene III-derived clones reported earlier (18) , and of these, only one is derived from the fnbBgene. This bias is not easily explained, but it is likely that there is a biological explanation that depends on either the cloning system or the properties of the fibronectin-binding proteins. One possible explanation is that one of the two receptor proteins binds soluble fibronectin preferentially, and the other receptor protein binds matrix-associated fibronectin more efficiently. At any rate, this cloning system might not display and select fragments from all receptors equally well.
Interestingly, both the gene III and the gene VIII phage display cloning systems exhibit a shift in reading frame of the insert in conjunction with the vector sequence. In the gene III system, the shift occurs at the transition between the 3 ′ end of the insert and the cmyctag of the vector, whereas in the gene VIII system, the shift occurs at the transition between the leader sequence vector and the 5 ′ end of the insert. Accordingly, in both cases ribosomal slippage is required for expression of the polypeptide in fusion with the respective coat protein. Most likely, this selection for inserts with the "wrong" reading frame is a natural way for the system to optimize the production of viable phage with recombinant proteins on the surface. These results suggest that it would be advantageous to construct other phage display libraries also, such as those of peptides and antibodies, with the inserts out of frame and in conjunction with a sequence that promotes ribosomal slippage. The multivalent cloning system described here might also function for cloning genes encoding proteins that interact with their ligands in other types of binding, such as protein-DNA, protein-ion, protein-carbohydrate and enzyme-substrate interactions, provided that the displayed polypeptide is folded properly and that no additional subunits are required. If so, this cloning system should be useful in the study of many different types of interactions, including the elucidation of enzymatic pathways. Furthermore, by panning this kind of library against sera from diseased individuals, it should be possible to identify immunogenic structures displayed by the bacterium.
